ABRAHAMS AND WOOD

NOMENCLATURE
Various terms have been used-to describe the pulmonary stenosis that is not an integral part of the tetralogy of Fallot. It was termed " pure " by Freed and Budnitz (1946) , and by Greene et at. (1949) ; " isolated " by Mannheimer (1949 ), Hyman et al. (1951 , and Maraist et al. (1951) ; and " uncomplicated " by Dow et al. (1950) . Pulmonary stenosis " with patent foramen ovale " has been identified as a separate syndrome and classified accordingly by Auerbach and Harper (1947) and by Selzer et al. (1949) , whilst Adams et al. (1951) write of " pulmonary stenosis with or without interatrial communication." When such a communication is present, either in the form of a septal defect or a patency of the foramen ovale, Joly et al. (1950) , in France, employ the eponymous title " the trilogy of Fallot. " Bedford and Brown (1937) and Allanby and Campbell (1949) wrote of " pulmonary stenosis with closed interventricular septum." The titles and classification now offered constitute an elaboration of the suggestions made by , and are presented in Table I . The main division serves to separate Fallot's tetralogy and its variants from all other forms of pulmonary stenosis and is based on the origin of the aorta: when this is normal, the aorta arising entirely from the left ventricle, we may speak of pulmonary stenosis with normal aortic root; when the aorta arises partly from the right ventricle it is customary and convenient to use the title Fallot's tetralogy (pulmonary stenosis with riding aorta). Acquired pulmonary stenosis forms a third main group. There are three main subdivisions of pulmonary stenosis with normal aortic root. The first, simple pulmonary stenosis, may be valvular or infundibular, and implies closed septa. If the foramen ovale happens to be patent (and this may be shown by cardiac catheterization) it must be functionless. Such patency is not academic, because it may alter the subsequent clinical course of the case, particularly if the stenosis is fairly severe. Indeed, there are so many differences between the clinical features of mild and severe cases of simple pulmonary stenosis that the severity should always be indicated in the diagnosis.
The second subdivision includes the cases complicated by a direct left to right shunt through an atrial or ventricular septal defect (possibly through a patent ductus, although this has not yet been encountered in our clinic)*. In such instances the title includes the anatomical lesion present. Thus pulmonary valve stenosis (P.V.S.) with atrial septal defect (A.S.D.) is used to mean that blood is shunting through the defect in the usual direction from left to right. Similarly, infundibular stenosis with ventricular septal defect (V.S.D.) is used to mean pulmonary stenosis (infundibular) with normal aortic root and a left to right shunt through the defect, and not Fallot's tetralogoy.
PULMONARY STENOSIS WITH NORMAL AORTIC ROOT
The third subdivision includes the cyanotic form, in which blood is shunting from right to left through a septal defect. Since uncomplicated septal defects give rise to arterio-venous or left to right shunts, a shunt in the opposite direction may properly be called reversed. The title pulmonary valve stenosis with reversed interatrial shunt thus means that blood is flowing from right to left atrium through a patent foramen ovale or atrial septal defect-it may be impossible to tell which. Pulmonary stenosis with reversed interventricular shunt behaves clinically like Fallot's tetralogy, but the onset of cyanosis may be late or relatively late, and of course the aorta is not over-riding.
INCIDENCE
Up till quite recently it was often thought that pulmonary stenosis was rare except when it occurred as part of the tetralogy of Fallot. Morgagni (1761) described the first case, and subsequently only sporadic cases have been reported. At intervals these were collected and embodied in treatises on congenital heart disease. Such collections were made by Farre (1814) , Gintrac (1824) , Peacock (1858) , Fallot (1888) , and Keith (1909) . The latest was that of Maude Abbott (1936) who compiled a report on 1000 cases of all forms of congenital morbus cordis: in this senes there were only 25 examples of pulmonary stenosis with normal aortic root. Greene et al. (1949) were able to collect only 68 similar reported cases.
Post-mortem statistics from various centres in the United States confirmed this seeming rarity, and are appended in Table II . Pulmonary stenosis with normal aortic root occurred in only 3 per cent of 777 cases of congenital heart disease. Thus many clinicians were convinced that the lesion was rare. " Pulmonary stenosis is a diagnosis almost certainly wrong, because of the rarity of this affection, which is almost non-existent " (Routier and Escalle, 1943) . Taussig (1947) stated that she had never had the opportunity of studying a proven case.
But in 1945 Currens et al. described eleven cases, and doubted this seeming rarity; since then numerous series have been reported (Table III) , confirming Currens' view. Thus from 1948 to 1951 151 additional cases have been reported, excluding 28 described by which are embodied in the present series. The exact incidence is difficult to determine, owing to the tendency towards selection in any large series of congenital heart cases. figure of 14 per cent was based on a sufficiently unselected series to be close to the true incidence, and this 521 group.bmj.com on August 15, 2017 -Published by http://heart.bmj.com/ Downloaded from tallies fairly well with that of Adams et al. (1951) , who found the deformity 20 times in 200 cases, and G0tzsche et al. (1951) who encountered simple pulmonary stenosis 21 times in 250 catheterizations. MATERIL The 71 cases comprising this series were seen at the National Heart Hospital, at the Brompton Hospital, or privately over a period of four years ending in July, 1951. Artificial selection, which is more or less inevitable in any specialized clinic, may have influenced the figures, and our present incidence of 80 cases of congenital pulmonary stenosis with normal aortic root (9 not included in the series), out of a total of 689 cases of congenital heart disease of all kinds, or 11 6 per cent, may be somewhat too high. On the other hand, the relative incidence of the various types of pulmonary stenosis with normal aortic root, as given in Table I, is probably accurate. For comparison, the number of cases of A.S.D. was 160 (23%); of V.S.D., 100 (14-5%); of patent ductus, 92 (13%); of coarctation of the aorta, 40 (6%); and of Fallot's tetralogy, 95 (14%). There were 526 acyanotic and 163 cyanotic cases. It is believed that the figures for A.S.D. and V.S.D. are too high, for the diagnosis was proved by means of cardiac catheterization in only 47 of the former and 22 of the latter. During the same period, there were 25 patients with a clinical diagnosis of congenital morbus cordis in whom no evidence of such a lesion was found by cardiac catheterization, and of these, 6 had been thought to have A.S.D., and 11 V.S.D.
Age and Sex. The age distribution is set out in Table IV . Nearly 60 per cent were between six and fifteen years old. There were 30Qmales and 41 females. The slight preponderance of females was seen in every group and subgroup.
SIMPLE PULMONARY VALVE STENOSIS (TYPE I A)
Of the 37 cases so classified, 19 were mild, 9 moderate, and 9 severe. It is repeated for emphasis that the clinical features of mild cases are very different from those of severe cases, and all shades between the two are seen in the moderate group.
It must suffice at this stage to state that by mild P.V.S. is meant one in which the mean right ventricular pressure does not exceed 25 mm.; in severe cases the mean right ventricular pressure is at least 40 mm. Hg above the sternal angle.
Symptoms. There were no symptoms of any kind in all but two of the mild and moderate cases, and three were notably athletic. Slight effort dyspncea occurred in the two exceptions, but may not have been due to the cardiac fault, as over-solicitous parents or doctors may induce symptoms.
All the nine severe cases had some degree of dyspncea on effort, slight in three, moderate in two, and considerable in four. One squatted in childhood. Sternal pain occurred on exertion in two cases, one of which also had faintness partly related to effort; and syncope on effort occurred (Dow et al., 1950) . It has been stated that such distinction is only possible by means of cardiac catheterization.
It is difficult to understand such views, for in our experience an accurate clinical diagnosis is nearly always possible at the bedside, especially with the aid of electrocardiograms and skiagrams. It is felt that the physical signs of pulmonary stenosis cannot be sufficiently known or understood, and therefore they are described here in some detail.
General Appearance. Wood (1950) has called attention to the characteristic facies of severe pulmonary stenosis, which he has termed " bloated " (Fig. 1) . With less severe grades of stenosis this bloated or " moon " appearance is not achieved, the face merely appearing full. There is no such facial configuration in mild cases. This trait has been helpful in indicating the severity of the lesion, but we can offer no explanation for the phenomenon.
The difference between the central cyanosis of de Senac (1749) and the peripheral cyanosis of Morgagni (1761) was clearly recognized by Wardrop (1851) , and is of fundamental importance. When cyanosis occurs in simple pulmonary stenosis it is always peripheral, never central in origin and neither clubbing of the extremities nor polycythaemia is seen. Peripheral cyanosis, especially on effort, may occur in severe cases, and adds colour to the characteristic moon facies. Even so, it was only observed in five instances.
The Pulse. The volume of the brachial pulse was recorded as small in ten instances, seven of which were severe or relatively severe. In any condition in which the cardiac output is diminished, the pulse pressure tends to be reduced as a result of compensatory peripheral vasoconstriction.
In mild cases of pulmonary stenosis the cardiac output is normal and may rise normally on effort (Dow et al., 1950) ; the pulse is therefore normal. But with severe stenosis the cardiac output tends to be low and fixed, and a small pulse is the rule. Jugular venous pulse. In simple pulmonary stenosis of severe degree a large a wave was almost constant (Fig. 2) , but it did not occur in mild cases and was seen only once in the moderate group. With care and experience it is obvious to the naked eye and its graphic registration is unnecessary.
Its presystolic timing is easily recognized by placing a thumb on the opposite carotid artery. When very pronounced, it may be termed a " giant a wave " or venous Corrigan (Wood, 1950) . It leaps to the eye, towering above and dwarfing the other waves of the venous pulse, and may be felt as well as seen. An associated presystolic hepatic pulse can usually be detected.
Slight accentuation of the a wave was noted in five mild cases and one moderate case-but its peak was then only one or two cm. higher in the neck than the summit of v, and this may occur in several other conditions. Giant presystolic a waves are otherwise only seen in severe pulmonary hypertension and tricuspid stenosis. Laubry and Pezzi (1913) studied the jugular venous pulse in five cases of congenital heart disease, and noted that the a or auricular wave was exaggerated. They thought that this arose from the efforts of the right atrium to expel its contents against either an increased right ventricular diastolic pressure, or an obstruction at the tricuspid orifice. The latter is certainly the cause of cannon waves in heart block and of large a waves in tricuspid stenosis (McKenzie, 1902) .
In four out of six of our cases of severe pulmonary stenosis with. giant a waves, the right ventricular pressure at the end of diastole was measured and found to be of the order of 5 to 10 mm. Hg. above the sternal angle, which, of course, was also the pressure generated by atrial systole. No rise of right ventricular diastolic pressure was found in mild or moderate cases. So the suggestion by Laubry and Pezzi (1913) that the large a wave is due to increased resistance in the right ventricle may well be correct. That giant a waves are not seen in ordinary congestive heart failure does not invalidate this theory, because in heart failure the right atrium has little time to hypertrophy and 524 (Laubry and Pezzi, 1921 In two others,, the thrill was very faint and was only obvious after exercise, but in the vast majority it was easily felt; indeed, the clinical diagnosis of pulmonary stenosis with normal aortic root is hardly tenable in its absence. The thrill was usually best appreciated high up over the pulmonary artery in the second left intercostal space at the sternal border, but in four cases it was equally intense in the third space, and in two others it was distinctly low, being maximal in the third and fourth spaces. In one of these, simple tight valve stenosis was proved by catheterization, operation, and necropsy; in the other by catheterization only. As will be seen later, a really low thrill usually means infundibular stenosis or associated V.S.D.
The intensity of the thrill appeared to bear some relationship to the severity of the lesion, all those with faint thrills (5 cases) having mild stenosis, and the four with especially gross thrills having severe (3) or moderate (1) stenosis. Conversely, all the 18 severe and moderate cases had well marked thrills.
The Murmur of Pulmonary Stenosis. There has been no case of pulmonary stenosis recorded group.bmj.com on August 15, 2017 -Published by http://heart.bmj.com/ Downloaded from without a systolic murmur in the pulmonary area. It is commonly described as loud or harsh; it is usually maximal in the second space to the left of the sternum, but may be widely distributed when loud. Some observers have emphasized that it is not well heard in the neck, and in general this has been our experience. Dow et al. (1950) studied the phonocardiogram in three of their cases of pulmonary. stenosis, and reported that the murmur was diamond-shaped, although this feature was neither uniform nor pathognomonic. Leatham (1951) has shown that the murmur of aortic stenosis has this characteristic, and it would not be remarkable if the two murmurs were similar in this respect.
A pulmonary diastolic murmur was heard in only one case in this series, and that after bacterial endocarditis. However, a pulmonary diastolic murmur was recorded in a case of pulmonary stenosis by Dow et al. (1950) , and also by Hyman et al. (1951) : the first of these was very mild and complicated by V.S.D.; the second was not proved. In our experience a pulmonary diastolic murmur invalidates the diagnosis of uncomplicated pulmonary stenosis, and strongly favours A.S.D., pulmonary hypertension, or idiopathic dilatation of the pulmonary artery.
The Heart Sounds. Physical examination is completed by careful auscultation of the heart sounds. Presystolic gallop is not uncommon in severe cases, the auricular sound presumably arising from the right side of the heart. Laubry and Pezzi (1921) emphasized that this auricular sound is well heard over the neck veins.
There was nothing remarkable about the first heart sound in any of our cases. It was neither unduly split nor accentuated, even in severe cases. This harmonizes with the current belief that the intensity of the first sound depends far more upon the position of the mitral and tricuspid leaflets at the onset of ventricular systole, than upon the strength of ventricular contraction. It has already been shown that powerful atrial contraction raises the right ventricular end diastolic pressure to an unusual degree in severe pulmonary stenosis, and if atrial relaxation precedes ventricular systole, the tricuspid valve must close before the first heart sound.
There is still some confusion about the second heart sound in pulmonary stenosis. Bedford and Brown (1937) concluded that it was usually diminished and this was confirmed by Love (1937) and by Hyman et al. (1951) . Dow et al. (1950) reported on the " pulmonary second sound " in six of their eight cases. It was increased in three, and of normal intensity in the other three. From a study of the reported cases and of two of their own with reversed interatrial shunts, Selzer et al. (1949) thought that the intensity of the " pulmonary second sound " was of limited diagnostic value. G0tzsche et al. (1951) found the " second pulmonic sound was usually stronger than the second aortic sound ... thus a faint pulmonic second sound is not the rule."
These discordant views have arisen from failure to appreciate the normal character and constitution of the second heart sound, with consequent lack of precision in describing what is actually heard in pulmonary stenosis. . The second heart sound is caused by closure of the aortic and pulmonary valves, and it has been known for at least a century that these may close asynchronously and give rise to splitting of this sound. Such splitting is normal, and occurs in about 90 per cent of children and young adults in perfect health, and can be heard best in the pulmonary area. Respiration modifies the degree of splitting, which becomes appreciably wider on deep inspiration. Samuel Gee (1893) credits Schafer (1859) with this original observation.
The phonocardiogram affords presumptive evidence that the second element of this split is caused by pulmonary valve closure in most, if not in all, cases (Leatham, 1951) . In right bundle branch block there is delayed activation of the right ventricle, and consequently the second sound becomes more widely split. It has become customary to classify splitting of the second sound into four grades according to the width of the split-the widest being in grade four. Normal splitting is grade one or two. In the neck, in the second right intercostal space, and at the apex beat, only a single second heart sound, the aortic, can normally be heard. With application and experience, the intensity of each of the two components of the second heart sound in the pulmonary area can be assessed. They are normally of equal intensity, but with hypertension in the lesser circulation the second or pulmonary element is accentuated, and 527 group.bmj.com on August 15, 2017 -Published by http://heart.bmj.com/ Downloaded from ABRAHAMS AND WOOD with pulmonary hypotension it is diminished or inaudible. There is also some evidence that a high pulmonary diastolic pressure twds to cause relatively early closure of the pulmonary valve so that the split is close (grade 1); and that a low pulmonary diastolic pressure delays pulmonary valve closure, so that the split (if heard at all) may be wide (grade 3).
The behaviour of the second heart sound in pulmonary stenosis tallies with these general principles. All the severe and moderate cases had single second heart sounds at the pulmonary area. The intensity of this sound, which is aortic, is irrelevant. Of the 19 mild cases, only seven had a single second heart sound; in the other twelve the sound was obviously split (grade 2), widely so (grade 3) in two instances. The second or pulmonary element was of normal intensity in six (Fig. 4) X-Ray Appearances. There are three important radiological features of pulmonary stenosis: post-stenotic dilatation of the main pulmonary artery; diminution in the pulmonary vascular markings; and enlargement of the right heart.
All workers are unanimous that post-stenotic dilatation of the pulmonary artery is a very constant feature of simple P.V.S., and there were no exceptions in our series. This dilatation affects the pulmonary trunk, and occasionally its right and left branches, but is not distributed further down the vascular tree ( cases (1949), it was mistaken for a lung tumour. Only one of our patients had aneurysmal dilatation of the pulmonary artery, and in him both main branches were also involved. In our series there was no correlation between the degree of dilatation of the pulmonary artery and the severity of the stenosis. Dilatation was usually slight or moderate, and rarely reached the extreme proportions sometimes encountered in A.S.D., V.S.D., and patent ductus. Pulsation appeared to be normal, and a hilar " dance " was never seen.
According to Bedford and Brown (1937) , post-stenotic dilatation of the pulmonary artery was first described radiologically by Usumoto (1925) , though noted at necropsy many years previously. There has been much speculation concerning its origin. Paul (1871) collected 27 reported cases of acquired pulmonary stenosis, and maintained that the pulmonary artery was then involved in the same inflammatory process as the valve; if congenital pulmonary stenosis was due to valvulitis in utero, associated pulmonary arteritis could be assumed. Potain and Rendu (1875) agreed, and thought that endarteritis caused a loss in elasticity of the pulmonary artery with subsequent dilatation. Against this was a considerable body of opinion which invoked a distinct congenital defect in the wall of the vessel. However, in 1915 Cavina produced pulmonary stenosis experimentally in rabbits by ligating the pulmonary artery at its source, and he reported that dilatation of the pulmonary artery distal to the stricture occurred consistently in all animals that survived. It seems probable, therefore, that the dilatation is a natural mechanical outcome of the stenosis.
The vascular shadows in the lungs are a direct expression of the amount of blood held in various parts of the pulmonary circulation. In severe P.V.S. pulmonary blood flow is strictly limited and may be below normal even at rest; the vascular markings are then reduced in number and size (Fig. 6 ). Pulmonary ischlmia of this kind was seen in all our severe cases, and in three of our moderate cases. Because of the restricted left ventricular output, and the dilated pulmonary artery, the aorta appears relatively small. It must be stressed, however, that with mild pulmonary stenosis, there is little or no reduction in pulmonary blood flow, and the vascular markings in the lungs remain normal (Fig. 5) . Thus pulmonary ischemia was seen in none of our mild cases.
Finally, in moderate and severe pulmonary stenosis enlargement of both the right atrium and right ventricle becomes apparent radiologically (Fig. 6) The Electrocardiogram In simple pulmonary stenosis this records all degrees of right ventricular hypertrophy, and in the very mild cases it is entirely normal. It is important to distinguish right ventricular hypertrophy from right axis deviation-the latter term of course simply describes the electrical position of the heart. G0tzsche et al. (1951) reported right axis deviation in only 11 of their 21 cases, and stated that otherwise the cardiogram was normal. Right axis deviation occurred in every one of our series.
In the present analysis (Table V) cardiographic evidence of right ventricular hypertrophy was divided into four grades, according to unipolar chest lead appearances (Fig. 7) .
(1) Slight: R and S about equal in amplitude in lead VI.
(2) Moderate: R dominant in lead VI, but S still present. (3) Severe: R wave tall in lead VI, S. small or absent, and T usually inverted. (4) Similar to grade 3, but appearances extending across the cbest to at least lead V3, usually to V4 or even to V5. It will be seen from Table V that normal curves only occurred in mild cases, and that grade 4 right ventricular hypertrophy occurred only in severe cases. Similarly, the P wave was normal In all but one of the mild cases, and the well developed P pulmonale was almost confined to severe cases. A pointed P wave measuring about 2 mm. in amplitude, and moderate to considerable right ventricular preponderance, were characteristic of cases in the moderate group.
Right bundle branch block was recorded by Blackford and Parker (1941) in a case of simple pulmonary stenosis, and an incomplete right branch block pattern, QRS never exceeding 0-10 sec., was seen in seven cases in the present series (19%). Barber et al. (1950) reported its occurrence in 95 per cent of cases of atrial septal defect, an incidence amply confirmed by subsequent cases investigated at this Institute. The presence or absence of the right branch block pattern is therefore helpful in differential diagnosis, but is not conclusive.
Summary of Clinical Features
The mildest cases of simple pulmonary valve stenosis have no symptoms, are capable of heavy physical effort, and look healthy. The peripheral pulse and jugular venous pressure are normal. The cardiac impulse is normal and left ventricular in' type. There is a high systolic murmur Atrial septal defect may be suggested by the combination of a right-sided lesion, splitting of the second heart sound, and dilatation of the pulmonary artery. But in A.S.D. the cardiac impulse though right ventricular in type, is more tumultuous or hyperdynamic due to overfilling of the right ventricle; the second heart sound in the pulmonary area is more widely split, and the pulmonary component is normal or accentuated, never absent or soft; a pulmonary diastolic murmur or an apparent mitral diastolic murmur may be heard; pulmonary plethora is always seen radiologically, and pulsation extends well down the main branches; and right bundle branch block is almost constant. Finally, it is being gradually realized that a pulmonary systolic thrill is not at all common in uncomplicated A.S.D., and should at once suggest pulmonary stenosis, alone or associated with A.S.D.
Idiopathic dilatation of the pulmonary artery has occasionally been confused with simple pulmonary stenosis. This was first described by Cossio (1937) and since then has been studied in some detail, especially (Fig. 8) PHYSIOLOGICAL STUDIES IN P.V.S. Cardiac catheterization was carried out in 26 of the 37 cases of simple P.V.S.; in the other 11 the diagnosis was obvious, and for a variety of reasons the investigation was omitted or deferred.
All doubtful cases, and all those in which expert opinion as to diagnosis differed, were either catheterized or excluded from the series. Pressures were recorded by means of a saline manometer in the earlier, and by means of a Sanborn electrical manometer and direct writing polyviso in later cases. The findings may be very simply expressed (Table VI) .
(1) The systolic and mean pressures in the right ventricle were always much higher than those in the pulmonary artery.
(2) In mild cases the right atrial pressure was normal, the right ventricular systolic pressure 30 to 50 mm. Hg (mean, 11 to 25 mm.), and the mean pulmonary artery pressure 5 to 11 mm. The mean right ventricular pressure was consistently two to three times the mean pulmonary artery pressure.
(3) In moderate cases the right atrial pressure was usually normal, but the a wave in the pressure tracing was sometimes accentuated (around 5 mm. Hg. showing characteristic giant a waves (Fig. 2) . The right ventricular systolic pressure ranged between 125 and 175 mm. Hg, and was usually higher than the systemic blood pressure. The mean right ventricular pressure ranged between 44 and 67 mm., and was always at least five times higher than the mean pressure in the pulmonary artery, which lay between 2 and 10 mm. A typical tracing is shown in Fig. 9 .
No difficulty was experienced in entering the pulmonary artery in these cases, but a small catheter (No. 6) was used in-the most severe cases, in fear that a larger one might obstruct the circulation at the valve orifice. In fact, no change in the patient's condition was ever noticed as the catheter passed through the valve. The catheter passed through a probe-patent foramen ovale in three of these acyanotic cases, and samples from both sides of the heart revealed no shunt in either direction. The left atrial pressure was 2 or 3 mm. higher than the right, so the flap-valve would remain shut. Only when the stenosis is severe enough to raise the right and lower the left atrial pressure is a reversed interatrial shunt possible. This is discussed later under that heading. The arterial oxygen saturation was normal (93 to 96%) in all cases, including the most severe, and including three cases in which the catheter passed through a valvular patency of the foramen ovale. Haldane's method was used for all gas analysis.
SIMPLE INFUNDIBULAR STENOSIS (TYPE I B)
In this condition there is some interference with the normal process whereby the bulbus cordis is incorporated into the right ventricle. Consequently this structure persists as a separate chamber divided from the body of the right ventricle by a fibrous ring which obstructs the outflow tract of the right ventricle. The pulmonary valve may be normal or it may also be stenosed.
Infundibular stenosis is believed to be rare, except as part of Fallot's tetralogy. Single cases have been described by Lafitte (1892) , by Lev and Strauss (1942) , and by Dow et al. (1950) . Three of the eight described here have already been reported briefly by . The diagnosis in six of these cases rests on the findings at cardiac catheterization, and has been confirmed subsequently in one at operation and in one at necropsy. Two others are included solely on clinical grounds.
Symptomatically and functionally, infundibular stenosis does not differ'from valvular stenosis. Three of our cases were mild, three moderate, and two severe. The chief difference in the physical signs between the two types of stenosis lay in the site of the thrill and murmur. In infundibular stenosis these were located lower than in valvular stenosis and over a wider area. Thus the thrill was easily felt as low as the fourth space in seven of the cases, though it was usually maximal in the third space, and also appreciable in the second space. The thrill was localized in the second space in only one instance, and in the fourth space in only one. When the stenosis was exceptionally low, the left parasternal lift over the right ventricle did not occur, even in our most severe case (proved at operation).
The cardiograms in these eight cases correlated with the rest of the findings, and showed the same variation from normality to gross right ventricular preponderance that was described in the valvular group.
A consistent difference between valvular and infundibula'r stenosis was seen radiologically, for the characteristic post-stenotic dilatation of the pulmonary artery which was so constant in valvular stenosis was not observed (Fig. 10) . In one case a separate infundibular chamber was outlined by means of angiocardiography and the diagnosis was proved subsequently at operation.
Cardiac catheterization revealed three different pressure zones, the diastolic pressure in the infundibular chamber being lower than that in the pulmonary artery, and the systolic pressure in the infundibular chamber being far lower than that in the body of the right ventricle. When mean pressures were recorded the lowest was in the' infundibular chamber. In one case the pressure in the infundibulum was intermediary (15 mm.) between the low pulmonary artery pressure (7 mm.), and the raised right ventricular pressure (21 mm.) Hg.: this case is believed to have both valvular and infundibular stenosis. Pressure changes from one zone to another were nearly always abrupt, and it was usually easy to tell fluoroscopically where the tip of the catheter lay. The abrupt change from infundibular to right ventricular pressure was always much below valve level, in one case so low that only two right ventricular beats were recorded before the tip of the catheter flicked out into the right atrium. For this reason the catheter should be withdrawn particularly slowly in suspected infundibular stenosis, or a tracing from the body of the right ventricle may not be recorded at all.
The actual pressures in the six cases catheterized fitted into the same three groups described for valve stenosis, and harmonized with the clinical assessment of severity.
Summary of the Special Features of Infundibular Stenosis. The general pattern is similar to valve stenosis except in four important respects: (1) the thrill is consistently lower; (2) the pulmonary artery is not dilated; (3) there may be no right ventricular parasternal lift if the stenosis is exceptionally low; and (4) cardiac catheterization may reveal three different pressure zones, the lowest in the infundibulum, and proper right ventricular pulsation does not appear until the catheter tip is well below valve level. 
PULMONARY STENOSIS WITH ARTERIOVENOUS SHUNT (GROUP 2)
The stenosis may be valvular or infundibular, and the left to right shunt may be aorto-pulmonary through a patent ductus, interventricular through a ventricular septal defect, or interatrial. No case of patent ductus and pulmonary stenosis (Type 2A) has been encountered in this series; it appears to be a very rare combination and will not be further discussed.
PULMONARY STENOSIS WITH VENTRICULAR SEPTAL DEFECT (TYPE 2B.) There were eight cases in which pulmonary stenosis was found in combination with a V.S.D., through which blood was shunting in the usual direction from left to right ventricle. In four the stenosis was of moderate severity and dominated the clinical picture; in four it was mild, and the features of V.S.D. were more in evidence. The stenosis was valvular in six of the cases, infundibular in one, and both-valvular and infundibular in one.
Clinical Features. On examination the first point of interest was the cardiac impulse, for this was either tapping as in simple pulmonary stenosis, or hyperdynamic and left ventricular in quality as in V.S.D. Pulmonary artery pulsation could not be felt in a single instance. The position of the maximum thrill and murmur was low in all cases, and tended to be widespread as in infundibular stenosis. The second heart sound varied greatly. In four it was single, in two rather closely split, in one (with right branch block) widely split, and in one it was too obscured by the murmur to analyse.
The electrocardiogram was normal in one case, showed left ventricular preponderance in two, right ventricular dominance of mild grade in three, and right bundle branch block in two. The P wave was normal in all.
X-rays showed dilatation of the pulmonary artery, except in the two with infundibular stenosis and in one other. Slight pulmonary plethora was seen in five, but the peripheral vascular markings in the lungs looked normal in the other three (Fig. 11 ).
It will be appreciated that there are a sufficient number of variables in the physical signs, cardiogram, and X-ray to make it probable that in any given case a pattern will emerge that tends to be incompatible with either infundibular stenosis or V.S.D. alone. Simple pulmonary valve stenosis is virtually excluded by the low and widespread thrill. (Table VII) . In one instance the stenosis was infundibular in type, with a large separate chamber (Case 5). In another (Case 7) both valvular and infundibular stenosis appeared to co-exist. The arterial oxygen saturation was not measured in most of the cases, because they were obviously acyanotic, 95 per cent saturation being assumed. But doubt was raised in two instances, and in these it was 94 and 93 per cent (Cases 1 and 6). Only one such case has been included in the present series because the diagnosis is difficult to establish without necropsy proof. The diagnosis was made in life in another patient with infundibular stenosis who had an arterial oxygen saturation of 91 per cent and an apparent left to right interventricular shunt when first investigated, and later became intensely cyanosed; but necropsy revealed typical Fallot's tetralogy.
The only case we feel at all sure of was that of a girl of 11 with Grade 2 effort dyspnoea. She had never been blue, even on effort, and her arterial oxygen saturation was normally 97 per cent. She had a small peripheral pulse, a blood pressure of 100/75, normal jugular venous pressure and pulse, tapping apex beat, parasternal lift, absent pulmonary artery pulse, widespread systolic thrill and murmur maximal in the third intercostal space, a single second heart sound, a pointed P wave 2 mm. high, grade 3 right ventricular preponderance, no dilatation of the pulmonary artery, and normal pulmonary vascular markings. A confident diagnosis of simple infundibular stenosis was made.
On cardiac catheterization both the aorta (Fig. 12 ) and the pulmonary artery were entered from the right ventricle. The pulmonary artery pressure was low (5 mm.); the aortic pressure was 70/48, the right ventricular pressure below the infundibulum 70/0, and the right atrial pressure 6/-2 mm. (Fig. 13) .
Atrial systole generated a pressure of 6 mm. Samples in close temporal relationship from the aorta and right subclavian artery were 65 and 72 per cent saturated with oxygen, and from the right ventricle 55 per cent.
Earlier samples from the pulmonary artery, right atrium and S.V.C. were 72, 72, and 64 per cent saturated respectively. Temporary reversal of the shunt was attributed to a transient fall of systemic blood pressure, the child complaining of a little light-headedness at the time.
PULMONARY STENOSIS WITH ATRIAL SEPTAL DEFECT (TYPE 2C)
In A.S.D. the direction of the blood flow between the two atria is determined by the pressure relationship between them. In an uncomplicated case, since the pressure in the left atrium is higher group.bmj.com on August 15, 2017 -Published by http://heart.bmj.com/ Downloaded from PULMONARY STENOSIS WITH NORMAL AORTIC ROOT than that in the right, the shunt is from left to right. Pulmonary stenosis, however, may raise the pressure in the right atrium and lower it in the left, and under these circumstances the shunt may be reversed. To effect these necessary pressure changes the stenosis must be severe. But in mild or moderate cases of pulmonary stenosis the shunt is in the ordinary direction, from left to right. There were seven such cases in the, present series, five of which were proved by means of cardiac catheterization. Pulmonary stenosis was mild or relatively mild in all seven, was valvular in type, and was not suspected clinically in two of the patients. The clinical features were determined largely by the more significant lesion: this was A.S.D. in four, and pulmonary stenosis in three cases. The importance of the combination lies in the potential reversibility of the shunt, and in the hazard of bacterial endocarditis which would not be expected in uncomplicated A.S.D.
The most important physical sign of pulmonary stenosis, which occurred in all seven cases, was an impressive systolic thrill over the pulmonary area. In a comparable series of 40 cases of proved uncomplicated A.S.D., a pulmonary systolic thrill was felt in ten (25%). The presence of a thrill is therefore suggestive, but not conclusive. It favours pulmonary stenosis as right bundle branch block favours A.S.D. A second point is the behaviour of the second heart sound. This was widely split (grade 3) in only one of the seven cases: in three it appeared normally split (grade 2), in two rather closely split, and in one it was single. In two of those with split second sounds, the pulmonary element was distincly soft.
The electrocardiogram was usually consistent with uncomplicated A.S.D., but the presence of a fairly well developed P pulmonale in one instance, and of exceptionally tall secondary R waves in lead VI in two cases, suggested associated pulmonary hypertension or stenosis, and the second heart sound excluded hypertension.
The X-ray appearances were consistent with uncomplicated A.S.D. in all seven cases (Fig. 14) . The presence ofpulmonary plethora was helpful in the three with an absent or diminished pulmonary element of the second heart sound, because associated A.S.D. could not otherwise have been diagnosed at the bedside.
The results of cardiac catheterization are given in detail in Table VIII . The slightly reduced oxygen saturation in some of the left atrial and brachial artery samples does not mean temporary When there is a right-to-left interatrial shunt in cases of pulmonary stenosis it is usually impossible to tell whether this occurs through an atrial septal defect or a patent foramen ovale. The only way such a distinction could be made in life would be if previous catheterization had demonstrated a left-to-right interatrial shunt or the presence of a functionless patent foramen ovale.
The foramen ovale is usually completely closed by the end of the first -year of life, but sometimes not till much later. According to Patten (1931) about 25 per cent of normal adult hearts show probe patency of the foramen ovale, and this incidence decreases with age; in the first two decades of life, the foramen ovale remained pervious in about 35 per cent, while this figure was reduced to about 22'per cent over the age of forty. Patten emphasized that simple probe patency should be distinguished from those abnormal conditions in which the foramen ovale remains inadequately guarded, this occurring in about 1 per cent of subjects that are otherwise normal.
With mild pulmonary stenosis, there is no derangement of the usual pressure relationship between the two atria. The left atrial pressure is higher than the right, and a probe patent foramen ovale remains functionally closed. Three examples were discovered in this series, the catheter passing through the foramen ovale into the left side of the heart. Blood samples from the left atrium and from the brachial artery were normally saturated with oxygen. The future history of these three patients will be interesting, because the stenosis is severe in two of them, and moderate in the third, and a reversed interatrial shunt may well develop in due course. Probe patency of the foramen ovale was also discovered in three patients with Fallot's tetralogy: samples from the left atrium were obtained in two of these and proved to be 90 and 95 per cent saturated with oxygen; in the third the sample was probably inadvertently taken from the left ventricle because it was the same as the sample taken deliberately from that chamber (84% saturated).
It is clear that pulmonary stenosis must be truly severe to cause a reversed interatrial shunt in patients who happen to have a patent foramen ovale. It is also clear that patients with Fallot's tetralogy and probe patent foramen ovale are unlikely to develop, a reversed interatrial shunt, because the pressure in the right side of the heart, at rest or on effort, does not rise high enough.
It has already been demonstrated that patients with relatively mild pulmonary stenosis and A.S.D.
have a direct left-to-right interatrial shunt. Pulmonary stenosis with reversed interatrial shunt is therefore always severe, whether the shunt is through a patent foramen ovale or through an A.S.D.
There were eight patients with this diagnosis in the present series, seven proved by cardiac catheterization, five by angiocardiography, and four by necropsy.. Only one has been included entirely on clinical grounds, and is still awaiting confirmation. Five of these have already been described briefly by and dne of them also by Allanby and Campbell (1949) . Five were female and three male. Their ages were 9, 21, 6, 22, 11, 26, 15 , and 11 years.
Clinical Features
As explained above these cases were all severe, and cyanosed more or less by definition. According to Bedford and Brown (1937) , cyanosis and clubbing usually appear late, in the second or third decades, and Allanby and Campbell (1949) believe this " late onset of increasing cyanosis and disability" to be the most characteristic clinical feature of the anomaly. Such behaviour is determined by late reversal of an interatrial shunt in cases with A.S.D., by the late development of a reversed intefatrial shunt in cases with probe patent foramen ovale, or by increasing right to left interatrial shunt as age advances. The factors responsible for shunt reversal or for increasing right to left shunt, have recently been discussed by Allanby and Campbell (1949) and include infection and thrombosis of the pulmonary valve and inability of the stenosed valve to grow in size at the same rate as the heart. The essential physiological change is a rising right atrial pressure. In the eight cases reported here cyanosis dated from birth or infancy in six, but became worse at puberty in three of these; clubbing was associated in each of these six cases, but was slight in two. Central cyanosis was only just detectable in the other two patients, and neither had clubbed fingers.
All eight patients were breathless on effort, four being more or less incapacitated. Pain, with some of the features of angina pectoris, occurred in one, and syncopal attacks in another. Only one patient was said to have squatted in childhood.
The clinical findings were characteristic. In addition to the cyanosis and clubbing described above, all had polycythimia, the lowest hemoglobin level being 120 per cent. All seven proved cases had the classical signs of severe pulmonary valve stenosis with normal aortic root; thus the peripheral pulse was small in all but one; typical giant a waves were seen in the neck in every instance; the cardiac impulse was tapping in all but one, in which a strong right ventricular heave extended from the sternal border to the apex beat; a powerful parastemal lift was felt in all cases, but no pulsation could be felt over the pulmonary artery itself; a localized systolic thrill was easily felt in five cases, and was always maximal in the second left intercostal space high up over the pulmonary artery; the two exceptions had a localized systolic murmur; the second heart sound was invariably single. In one case a diastolic murmur was heard in the fourth intercostal space from the sternal border to the apex beat, giving rise to the same cadence heard with mitral diastolic murmurs; this was attributed to turbulence set up at the foramen ovale, for no other cause could be found at necropsy. A similar loud diastolic murmur was heard at the apex beat in an uncomplicated case of A.S.D. in which necropsy showed a normal mitral valve. The cardiogram showed sharp P waves from 2 to 5 mm. high in all cases, gross right ventricular preponderance (grade 4) in six, slight right ventricular preponderance in one, and right branch block in one.
Radiologically the right heart was enlarged in all but one, and the pulmonary artery was dilated in five (Fig. 15) . One of those without post-stenotic dilatation had a valvular stenosis at necropsy; the other exception amongst the proved cases appeared to have a separate infundibular chamber according to the angiocardiogram, but this was not demonstrated on cardiac catheterization. All cases showed evidence of pulmonary ischemia.
Physiological Studies
Catheterization of these patients revealed several important features (Table IX) . (1) The right atrial systolic pressure was always raised when measured by means of an electrical manometer. The amplitude of the giant a wave was commonly around 10 mm. Hg, as in the acyanotic cases of severe pulmonary stenosis. (2) When the left atrium was entered, the pressure in that chamber was low. This is attributed to the severity of the stenosis, the low pulmonary artery pressure being unable to maintain a proper pulmonary venous pressure. Thus severe pulmonary stenosis not only raises the right atrial pressure, but lowers the left, and so provides a second cause f&r shunt reversal. (3) The right ventricular pressure was greatly elevated (mean 44 to 95 mm.), the systolic _! ! t' < -t41 6 <. '>'", ' =2:.
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: ' . ; , t X : : 3 _ , = . , . , , . , . _ , I W , group.bmj.com on August 15, 2017 -Published by http://heart.bmj.com/ Downloaded from level often being higher than that in the aorta (Fig. 16 ). This at once distinguishes pulmonary stenosis with reversed interatrial shunt from Fallot's tetralogy. (4) The pulmonary artery pressure was always low (mean 2 to 10 mm.). (5) Samples from the left atrium and left ventricle, when obtained, were similarly unsaturated and approximated closely to arterial samples (average saturation figure about 70%; range 50 to 86%). (6) Samples were obtained from the pulmonary veins in two cases, and these were normally saturated (95%). (7) The pulmonary blood flow was reduced (1-4 to 4 L/min.) in the four cases in which the oxygen consumption was measured, and the oxygen content of venous samples was, of course, abnormally low, 30 to 65 per cent saturated. 
Differential Diagnosis
Since the Blalock anastomotic operation is not advised for pulmonary stenosis with reversed interatrial shunt, it is imperative to distinguish this condition from the tetralogy of Fallot. As a rule, this presents little difficulty. Historically, the delayed onset of cyanosis and clubbing, or the sudden increase of cyanosis at puberty or later, is very typical and virtually diagnostic of shunt reversal, but it is by no means uncommon for these cases to be cyanosed from birth, and the diagnosis may have to be made long before puberty.
We believe that by far the most important sign distinguishing the two conditions is the presence or absence of a giant a wave in the venous pulse, with or without presystolic hepatic pulsation. We have never yet seen an a wave of such proportions in a proven case of the tetralogy, nor indeed in any condition other than severe pulmonary stenosis with closed ventricular septum, severe pulmonary hypertension with closed ventricular septum and closed ductus, and acquired tricuspid stenosis (not congenital atresia).
In the tetralogy of Fallot, the V.S.D. acts as a safety valve and the right ventricular systolic pressure can never exceed that in the left ventricle and aorta. The right ventricle does not therefore require the kind of atrial help it needs in order to"generate pressures well above the systemic level.
Another helpful sign is the moon facies associated with severe pulmonary stenosis with normal aortic root. This does not seem to occur in the tetralogy. The degree of right ventricular lift is usually greater in severe pulmonary stenosis and may be barely perceptible in the tetralogy. Again, a right ventricular heave extending as far to the left as the apex beat must be very rare, if it occurs at all, in the tetralogy.
Finally, the X-ray appearances may be helpful, because though pulmonary ischaemia occurs in both, a dilated pulmonary artery is rare in the tetralogy, even in the 40 per cent with valvular stenosis, and the right side of the heart is usually much larger in pulmonary stenosis with normal aortic root. The electrocardiogram is not helpful, because a well developed P pulmonale and strong right ventricular preponderance are common in Fallot's tetraolgy, although vectorcardiography may well show a different kind of loop.
It is usually possible to prove the diagnosis by means of cardiac catheterization according to the criteria already described. In Fallot's tetralogy the catheter may pass through a probe patent foramen ovale and left atrial samples should then be normally saturated with oxygen; but there are two pitfalls. The Rokitansky (1852) wrote that cyanosis offered a complete protection against pulmonary tuberculosis, Paul (1871) held that pulmonary stenosis, with or without normal aortic root, predisposed to this disease. Indeed, Norris (1933) stated that tuberculosis occurred in one-third of all cases of pulmonary stenosis, and Fishberg (1931) gave tuberculosis as the cause of death in nearly all the cases that survived the first decade of life; they produced post-mortem evidence to support theit claims. Pulmonary ischmmia, inequality of the pulmonary and bronchial circulations, disturbances of carbon dioxide balance, and lowered pulmonary resistance from the accumulation of toxic metabolites, were all invoked as causative factors.
These views have recently been attacked. Aubertin (1935) denied that pulmonary stenosis predisposed to tuberculosis; in most of his cases he found an adequate explanation for the infection, in a strong family history or other close contact. He showed further that the disease pursued its usual course in these subjects. Auerbach and Stemmerman (1944) agreed with Aubertin that neither lesion seemed to be affected by the other . Gloyne (1936) and Grenet and Frangois-Joly (1936) , also found no evidence that the two diseases were causally related.
In the present series frank tuberculosis occurred in only one case, and in this patient there was a strong family history of the disease. In another instance an unexpected and recent Ghon lesion was found at necropsy. This incidence of about 2 per cent is the same as that in the general population.
Bacterial Endocarditis. Sir James Paget (1844) was the first to point out that a deformed valve was peculiarly susceptible to infection, and the pulmonary valve is no exception. Abbott (1925) found infective endocarditis in 20 of 82 cases of pulmonary stenosis of all types. Gelfman and Levine (1942) put the incidence at 29 per cent of all cases over the age of two years. Tuley and Moore (1917) and Posey (1938) emphasized the exuberance of the vegetations which grew on the pulmonary valve.
Bacterial endocarditis occurred in only two cases in the present series, so that it was no more frequent than tuberculosis. On the other hand, bacterial endocarditis of the pulmonary valve does not occur in 2 per cent of the general population. It is regarded as a potential source of danger, and patients should be protected against intercurrent infections, dental extractions and the like by means of prophylactic penicillin.
The two patients who gave a history of bacterial endocarditis were unusually interesting, for the effect of the illness was comparable to valvulotomy. Both were cases of simple pulmonary valve stenosis of severe grade, and both were virtually incapacitated before the infection. One, at the age of 24, 10 years after the infection, is now leading a normal life, and is only breathless when hurrying: in childhood she was unable to walk more than a few steps and used to squat. The second was a young man of 19 who had had bacterial endocarditis four years previously: he was cured of the infection by means of penicillin, and developed pulmonary incompetence during the illness, but his exercise tolerance has improved considerably, so that he can now run upstairs and swim without distress, whereas previously he could not walk upstairs without having to halt on account of breathlessness.
The average age of death in Abbott's series (1931) was 20-6 years and the longest period of survival 57 years. Bauer and Astbury (1944) 
